The analysis of the fluid characteristics downstream of a fire source in transportation tunnels is one the most important factor in the emergency response, evacuation, and the rescue service studies. Some crucial parameters can affect the fluid characteristics downstream of the fire. This research develops a statistical analysis on the computational fluid dynamics (CFD) data of the road tunnel fire simulations in order to quantify the significance of tunnel dimensions, inlet air velocity, heat release rate, and the physical fire size (fire perimeter) on the fluid characteristics downstream of the fire source. The selected characteristics of the fluid (response variables) were the average temperature, the average density, the average viscosity, and the average velocity. The prediction of the designed statistical models was assessed; then the significant parameters' effects and the parameters interactive effects on different response variables were determined individually. Next, the effect of computational domain length on the selection of the significant parameters downstream of the fire source was analyzed. In this statistical analysis, the linear models were found to provide the statistically good prediction. The effect of the fire perimeter and the parameters interactive effects on the selected response variables downstream of the fire, were found to be insignificant.
Introduction
In order to provide the fire safety plan of the occupants and the emergency response layout in the road tunnel fire situations, there is a crucial need to understand the factors that may influence the conditions of people exposed to the closed space (e.g., transportation tunnel) fires. Due to the interaction of physical and chemical processes (turbulence, combustion, radiation, etc.) in a closed space, tunnel fires are complex phenomena [1] . As a result, fire life safety in a tunnel must be carefully considered. Tunnel safety ties to the tunnel design, the tunnel management, and the emergency response. The dimensions of the tunnel (width, height, and length) which are the main parameters of the tunnel design, can play a key role in changes of the build-up heat rate and the rate of smoke stratification during the fire events. The other important parameter of the tunnel design, which affects the tunnel safety, is the ventilation system. The airflow velocity can influence the smoke propagation upstream and downstream of the fire in road tunnel fire events. The second most important element in assessing the tunnel safety, is the traffic management in transportation tunnels. A thorough understanding of the nature of the transportation vehicles (e.g., the size of the vehicles, the produced heat release rate (HRR) output from the fire during a fire event) commuting through a tunnel, can help to design safer, and more reliable emergency response layout [2] .
Previous studies have shown that the smoke generation and fire behavior are affected by different parameters such as HRR, ventilation, the dimensions of the obstruction, [3] [4] [5] [6] . Babrauskas and Peacock indicated that HRR is the single most important variable in fire hazard analysis [3] . The other important parameter in terms of smoke propagation is ventilation. Since tunnel fires have limited air access points [4] , the fire was assumed to be a fuel-controlled fire in this research study. Therefore, the tunnel dimension, the air velocity, the physical fire size, and the HRR are the most important parameters affecting the transportation tunnel safety.
There is an experimental study on the effect of tunnel cross section and the velocity together on gas temperatures and heat fluxes for the large HRR fire sources (HRR ! 100 MW). In that study, it was proven that the maximum temperature under the ceiling was significantly dependent on the tunnel height changes, while the tunnel width changes, HRR changes, and the longitudinal velocity changes had insignificant impacts on the maximum temperature under the ceiling. In addition, that study showed that by increasing the tunnel dimensions, the downstream temperature decreased [5] . And also, some studies were carried out to determine and calculate the HRR of the vehicle fires in the road tunnels experimentally and numerically [7, 8] which the results can be utilized to the design more reliable emergency response layout. Therefore, the transport of the smoke and the transfer of the heat were affected by the explained parameters. Based on previous research studies, the smoke, heat, and fire products impacted the physical abilities of the occupants [9] [10] [11] [12] which they can have an immense impact on the design of the evacuation plans. Although the impact of explained parameters on the physical abilities of the occupants were investigated, the interactive effect of different parameters (e.g., tunnel dimension, inlet velocity, HRR, and the fire perimeter) were not investigated. Also, the research studies on determination of the significant parameters on changes of the temperature, density, velocity, and viscosity downstream of the fire source in transportation tunnels are so limited. In addition, the effect of computational domain length on the selection of the significant parameters for changes of the fluid characteristics (e.g., average temperature, average density, average viscosity, and average velocity) downstream of the fire source was not quantified in previous studies.
The focus of the research in this paper is to utilize a two-level statistical approach to investigate the effect of the tunnel dimensions, the inlet air velocity, HRR, the fire perimeter, and the parameters interactive effect on the fluid characteristics at different cross sections downstream of the fire. Eight different CFD vehicle fire scenarios for the road tunnel were simulated in fire dynamics simulator (FDS), Version 6.0 which we refer the reader to the FDS technical reference guide [13] for the detailed numerical algorithm in this software. Then, the fluid characteristics such as average temperature, average density, average velocity, and average viscosity at different tunnel cross sections were calculated. The calculated CFD results were analyzed in order to conduct a statistical analysis (a two level fractional factorial design) for determination of the significant parameters on the mentioned fluid characteristics downstream of the fire source. The linear, quadratic and cubic statistical models were investigated and the prediction of the designed statistical models were assessed via residual analysis and the studentized residuals versus predicted values analysis. Next, the significant parameters on the fluid characteristics at a selected cross section downstream of the fire was determined based on the performed two-level fractional factorial design. Moreover, the effect of the domain length on the significant parameters determination downstream of the fire source was analyzed. The outcomes of this research can be utilized to decrease the number of simulations in future studies by determination of the significant and insignificant parameters on the change of the fluid characteristics downstream of the fire source. In addition, the findings of this study can be used to modify the tunnel design, the tunnel management (e.g., operational management, traffic management, and the engineering management), firefighting procedures, and the emergency medical assistance, and more robust emergency response layout.
Parametric study and design considerations
A two-level statistically designed program was conducted to quantify the significant parameters on the responses at different cross sections, downstream of the fire. The two-level fractional factorial design has different advantages. One of the most important its advantages is that the interaction of different parameters on a specified response can be investigated. In addition, fewer experiments can be conducted with the use of fractional factorial deign compare to the full factorial design. Furthermore, with the usage of factorial design, the error variance can be decreased [14] . This approach is common to be used to screen the significant parameters on various responses in different research areas [15, 16] . For the initial screening stage of a research study, the fractional factorial designs were recommended as the good alternatives to the full factorial designs [17] . Although the full factorial designs (e.g., 16 simulations in this study) were the desirable designs, the twolevel fractional factorial design (e.g., 8 simulations) was considered for screening of the significant parameters on the selected response variables. The resolution of the selected two-level fractional factorial design in this study was IV which is one where no significant effect is confounded with any other significant effect or 2-factor interaction [17, 18] . In addition, the resolution IV is common to be utilized for application of fractional factorial design in research studies [18] .
A two-level test program based on the fractional factorial design was performed to evaluate the effects of the heat release rate (HRR), physical fire size, tunnel cross section, and the inlet velocity on the responses such as the average temperature, the average density, the average velocity, and the average viscosity at the cross sections downstream of the fire. Therefore, four main parameters as shown in Table 1 were selected due to the previous research studies results. A minimum and a maximum values were selected for each parameter. In this study, the regular van and bus sizes were used as the minimum and maximum physical fire sizes respectively in this study. Although in NFPA Ò 502, 2011, it is recommended that 30 MW and 10 MW be used as the peak heat release rates for the bus and the van respectively [19] , for investigation of the effect of fire perimeter on different response variables, 30 MW and 10 MW were also considered for the van and the bus fire heat release rate respectively. The width, length, and the height of the van and bus used in the computational domain were 1.7 Â 5.0 Â 2.4 m 3 and 2.7 Â 12.0 Â 3.5 m 3 , respectively.
Two and three lane standard cross section of road tunnels [20] were considered in this study. The height of the tunnel was set to 7.7 m as the height of Gotthard tunnel in Switzerland. Although pedestrians are not permitted in road tunnels, sidewalks are required and recommended to be greater than or equal to 0.7 m [21] . Therefore, two 0.96 m sidewalks were considered in the geometry of the road tunnels. The length and the height of the whole tunnels were 960 m, and 7.7 m, respectively. The width of the tunnel for the two and three lane transportation tunnels were set to 9.6 m and 15.6 m respectively. The detailed tunnel geometry dimensions used in the simulations are shown in Fig. 1a and b. The selection of the fluid characteristics (e.g., the average temperature, average density, average velocity, and average viscosity) are based on the needs for providing necessary information for fire brigade teams and firefighters to develop more effective firefighting operations. The gas temperature and the airflow velocity can affect the access to the tunnel [22] . Therefore, the average temperature and the average velocity were selected as two key response variables in this study. The concentration of combustion products (toxic species (e.g., CO, CO 2 )) was not considered in this research study since the fire brigade and firefighters carry self-contained breathing apparatus (SCBA) in the operations [19] . Since the viscosity of the fluid is temperature dependent and can affect the heat transfer [23] , the average viscosity was selected as the parameter of interest in this study. In addition, the average density was selected as one of the fluid characteristics in this research study since it affects the local visibility.
All of the studies on roll back and critical velocity showed that for the 10 MW to 100 MW fires, the critical velocity varies from 2.5 m/s to 3 m/s [24] [25] [26] [27] [28] . It should be considered that the critical velocity can vary due to different hydraulic diameters. Therefore, a study was conducted to calculate the critical velocity for 10 MW and 30 MW vehicle fires in both two and three lane road tunnels with the following equations:
where V c is the critical velocity, m/s; K 1 the Froude number factor; K g the grade factor; g the acceleration caused by gravity, m/s 2 ; H the height of duct or tunnel at the fire site, m; Q the heat fire is adding directly to air at the fire site, kW; q the average density of the approach (upstream) air, kg/m 3 ; C p the specific heat of air, kJ/(kgÁK);
A the area perpendicular to the flow, m 2 ; T f the average temperature of the fire site gases, K; and T the temperature of the approach air, K [19] . The calculated hydraulic diameters for both two lane and three lane road tunnels were 8.53 m and 10.30 m, respectively. The critical velocity varied from 2.6 m/s to 3.7 m/s for 10 MW and 30 MW fires in the associated tunnels. Since the inlet velocity affects the propagation of the smoke and hot gases to the upstream and the downstream of the fire source, a velocity less than critical velocity (1.5 m/s < V cr ) and a velocity greater than critical velocity (5 m/s > V cr ) were selected for investigation of significant parameters on different responses (e.g., mean temperature, mean velocity, mean viscosity, and mean density) at different cross sections downstream of the fire. The t-squared approach was utilized for the growth of the vehicle fires [29] . Based on previous study, the time to reach maximum HRR (t max ) for van fire and bus fire were recommended to be 5 min and 10 min, respectively [29] . However, because of the simulation cost, 1 min was considered as the t max in all simulations. Since the focus of this research study is to investigate the effect of some parameters on the response variables changes during a fire event, the decay time period for vehicle fires was not considered. Flexible polyurethane foam characteristics as shown in Table 2 were used for vehicle fire simulation in the tunnels [30] .
The thermal and the physical characteristics of the concrete such as density, thermal conductivity, and specific heat were considered for the characteristics of the tunnel's side walls, roof, and the sidewalks [31] . The thermal diffusivity of concrete was set to 0.77 mm 2 /s [32] . All the thermal characteristics of the concrete was based on the rock type in the concrete which was assumed to be limestone, sandstone, and chert. And also the sand and aggregate were from the same rock type at early age. The thermal and the physical characteristics of the asphalt were considered for the characteristics of the tunnel pavement. The density, thermal conductivity, and specific heat capacity of the dry asphalt with 5% air voids content were set to 2371.67 kg/m 3 , 1.16 W/m°C, and 0.9637 kJ/kg°C, respectively [33] . The ambient air temperature, ambient air density, and air viscosity at ambient temperature were set at 20°C, 1.196 kg/m 3 , and 1.79 Â 10 À5 kg/(mÁs) respectively in all simulations. Although in FDS the ''log law" wall model is employed for the rough walls [13] , the no-slip boundary condition still can be utilized if it is needed. Since the smooth concrete was considered for the road tunnels' walls in this study, the ''log law" wall model was overridden and the no-slip boundary condition was set for all walls, sidewalks, roof, pavement, and the objects in the domain. For the detailed ''log law" wall model explanation, we refer the reader to the FDS technical reference guide [13] . Fixed air flows based on two different velocities were set to the inlet of computational domain since the jet fans were assumed to be far away from the fire source. Reliable numerical results can be achieved when the grid size is 0.1D⁄ [34] , where D⁄ is explained in detail in [35, 36] . Therefore, the rectangular cells with a grid size of 24 cm was considered for the numerical analysis based on the used heat release rates (10 MW and 30 MW) in this research study.
The turbulent viscosity in all simulations was considered as the Deardorff [37, 38] turbulent viscosity with 0.1 as the Deardorff coefficient (C v ). The turbulent diffusivity was obtained using a 0.5 as the constant Schmidt number (Sc t ) (for mass diffusivity) and a 0.5 as the constant Prandtl number (Pr t ) (for thermal diffusivity). The default value (0.35) was considered as the radiative fraction (the fraction of energy released from the fire as thermal radiation) in this study. The mixing-controlled combustion [13] was considered as the combustion model in this study since the finite-rate combustion model was not computationally efficient [39] for large-scale fire scenarios. Consequently, eight computational fluid dynamics (CFD) scenarios as shown in Table 3 were simulated to investigate the effect of mentioned parameters (Table 1 ) on average temperature, average density, average velocity, and viscosity at different cross sections downstream of the fire. All the vehicle fires were set at the middle of the road tunnels.
CFD results and discussion
To conduct the statistical assessment for determination of the significant parameters (e.g., HRR, physical size of the fire (fire perimeter), tunnel dimension, and airflow velocity) on the fluid characteristics downstream of the fire, there was a need to calculate the average temperature, viscosity, density, and velocity along the height of the tunnel at different cross sections in all scenarios. All parameters were calculated every 5 m upwind and downwind from the fire source and the zero line is the representative of the tunnel cross section at the center of the fire source as shown in Fig. 2 .
The calculated results for average temperature, average density, average viscosity, and average velocity along the height of the tunnel at different cross sections for all scenarios are shown in Figs. 3 and 4. It is noteworthy that the rollback did not advance significantly along the X axis after 900 s and the steady-state flow condition in the tunnel was reached at t = 900 s in all scenarios. Therefore, all parameters upwind and downwind of the fire source were calculated at t = 900 s in all scenarios. Due to the considered inlet velocity less than the critical velocity in some scenarios (e.g., scenarios 3, 4, 5, and 8), the upwind transport of the smoke (backlayering phenomenon) was observed. The length of the backlayering (rollback) for scenarios 3, 4, 5, and 8 was calculated at 170 m, 270 m, 150 m, and 273 m respectively from the centerline of the fire source. In the rest of the scenarios (e.g., scenarios 1, 2, 6, and 7), due to the velocity greater than critical velocity, just the downwind transport of the smoke was observed.
Since, just the downwind transport of the smoke was observed in scenarios with the velocity greater than critical velocity (e.g., scenario 1, 2, 6, and 7), the average temperature, average density, average viscosity, and the average velocity upstream of the fire source was calculated similar to the ambient ones as can be seen in Figs. 3 and 4. According to Fig. 3a , by getting further from the fire source, the average temperature along the height of the tunnel at different cross sections decreased, as expected. The decreasing temperature trend downstream of the fire continued until it eventually ends up the ambient temperature (20°C). Consistent with the data of Fig. 3a , it is evident that the average temperature was 20°C in scenarios with the velocity greater than critical velocity (scenarios 1, 2, 6, and 7) from the inlet to 4 m from upwind of the end of the fire object, while because of the upwind transport of the smoke (rollback) in scenarios with velocity less than critical velocity (e.g., scenarios 3, 4, 5, and 8), the average temperature at different cross sections upstream of the fire varied. The highest mean temperature at the fire source was calculated in scenario 4 (373°C), due to the highest HRR, the lowest velocity, and the smallest tunnel cross section among all scenarios. Due to the dependency of the density to the temperature, the lowest average density at the fire source was calculated in scenario 4 as shown in Fig. 3b . According to Fig. 3b , it is noteworthy that no appreciable variations in average air density could be observed downstream of the fire source, when the CFD domain length is larger than 300 m. The average density upstream of the fire source was influenced by the upstream transport of smoke and hot gases (backlayering) in scenarios with velocity less than critical velocity Fig. 3 . Fluid characteristics along the height of the tunnel at different cross sections of the road tunnel at t = 900 s for all scenarios (0 on the X-axis represents the middle plane of fire source).
(scenarios 3, 4, 5, and 8). However, the average density was measured as same as the inlet air density from the inlet to 4 m from upwind the end of the fire object in scenarios that the velocity was greater than the critical velocity (e.g., scenarios 1, 2, 6, and 7) as shown in Fig. 3b . The average viscosity and average velocity along the height of the tunnel at different cross sections were calculated as shown in Fig. 4a and b respectively. According to Fig. 4a , there were no appreciable variations observed downstream of the fire source, when the CFD domain length is larger than 100 m in all scenarios. Furthermore, the average viscosity and average velocity were measured as 1.79 Â 10 À5 kg/m/s and 5 m/s, respectively, for scenarios with the velocity greater than critical velocity (scenarios 1, 2, 6, and 7) from the inlet to 4 m from upwind the end of the fire source. The rollback influenced on the average viscosity and the average velocity at different cross sections upstream of the fire source in scenarios with the velocity less than critical velocity (e.g. scenarios 3, 4, 5, and 8) as shown in Fig. 4a and b. Because of the highest HRR, highest velocity, and the smallest cross section in scenario 2 compared to the other scenarios, the highest viscosity was calculated at 3.5 m downstream of the fire source.
Parametric evaluation
A statistically-designed parametric study was performed to investigate the influence of independent variables (e.g., the tunnel dimension, the physical fire size, HRR, and the velocity) on the dependent responses (e.g., the mean temperature, the mean density, the mean velocity, and the mean viscosity) downstream of the fire source, statistically. Four different cross sections, shown in Table 4 , downstream of the fire were considered to conduct the statistical analysis for determination of the significant parameters on temperature, velocity, viscosity, and density changes. Cross sections 1 to 4 were classified based on a distance from the centerline of the fire source.
To evaluate the parameters and the parameters interactive effects, eight CFD simulations were developed as described in the sections 2 and 3. The repetitive simulations were ignored in this statistical analysis since the similar results were calculated. Next, the response variables (e.g., average temperature, average density, average velocity, and average viscosity) along the height of the tunnel at four selected cross sections (cross sections 1, 2, 3, and 4) at t = 900 s were calculated. The calculated values for the response variables 120 m downstream of the fire source (cross section 2) are provided in Table 5 (see Appendix A for the response variables at the cross sections 1, 3, and 4). The selection of cross section 2 was based on previous studies that the location to couple CFD models to 1D models downstream of the fire should be at least 12 times the hydraulic diameter [40] .
The accuracy of the prediction of the statistical model is related to the selected statistical model [41, 42] . In this statistical analysis, the linear, quadratic and cubic models were investigated. A residual analysis was conducted to make sure the statistical models are well-behaved. The normality of residuals were assessed via the normal probability plot of the studentized residuals as shown in Fig. 5a-d for all models which indicates that the error terms were normally distributed when the linear model was performed.
Additionally, the studentized residuals versus predicted values were investigated for three main reasons. First, they were utilized to check that the residuals bounce randomly around the 0 line which indicates that the assumption that the relationship is linear is reasonable. Second, they were used to check the residuals roughly form a horizontal band around the 0 line which indicates that the variances of the error terms are equal. Third, they were used to check that there are no outliers if no one residual stands out from the basic random pattern of residuals [43] . Consistent with the data from the studentized residuals versus predicted values plots, it was evident that there were no unusual data points in the data set. In addition, the results have shown that the variation around the estimated regression line is constant, suggesting that the assumption of equal error variances was reasonable as plotted in Fig. 6a-d for average temperature, average density, average viscosity, and average velocity at cross section 2 (120 m downstream of the fire source). The same studies were conducted at the other cross sections (cross section 1, cross section 3, and cross section 4) in order to investigate the behavior of statistical models when the cross sections were changed. The same behavior was observed when the linear model was utilized at the other cross sections. All in all, the linear models were found to provide statistically good prediction at four selected cross sections downstream of the fire source. The p-values obtained from ANOVA for linear models were calculated less than 0.05 for all models which indicates the models are significant as shown in Table 6 (see Appendix B for the probability of the significant parameters or significant associated interactions on various responses at the cross sections 1, 3, and 4).
Moreover, the coefficient of determination (R 2 ) was utilized to show that the estimated response variables were accurate by the usage of the models. The R 2 greater than 0.9 indicated that the linear models could predict the average temperature, average viscosity, average velocity, and average density at determined interface boundary accurately. The adjusted coefficient of determination (R 2 adj. ) was quantified for each data set to show that each model was not constrained by a low degree of freedom. The difference between the coefficient of determination and the adjusted coefficient of determination was measured less than 0.0276 at cross section 2 (120 m downstream of the fire) for all of the models as shown in Table 6 . Therefore, the required standard was met. After acceptance of the model, the parametric and parameter interaction terms were evaluated to determine the significant terms statistically. The null hypothesis for the assessment was that the corresponding coefficient value was zero. The probability of the significant parameters or significant associated interactions on various responses at cross section 2 (120 m downstream of the fire) are shown in Table 6 (see Appendix B for the probability of the significant parameters or significant associated interactions on various responses at the other cross sections). The criterion for the rejection of insignificant terms was set to a t-value greater than 0.05 confidence level. The tvalues for significant parameters are shown in Table 6 . The inlet air velocity, HRR, the physical fire size (fire perimeter), and the tunnel dimension are characterized by A, B, C, and D respectively. Therefore, the interaction of two parameters could be distinguished via using two letters (e.g., AD is the interaction of their velocity and the tunnel dimension).
The primary parameters affecting the average temperature at cross section 2 (120 m downstream of the fire) were, in order of significance, the HRR, the tunnel dimension, the inlet air velocity, and the interaction of the inlet air velocity and the tunnel dimension. According to the p-value results in Table 6 , the HRR and the tunnel dimension had significant contributions on the average temperature changes compare to the other parameter effects on the average temperature (the insignificant parameters (e.g., the inlet air velocity (A) and the interaction of the inlet air velocity and tunnel dimension (AD)) were excluded from the Table 6 ). The other significant parameter on the changes of the average temperature at cross section 2 was the tunnel cross section as shown in Fig. 8 . According to Fig. 8 , by increasing the tunnel dimension from 2 lane (9.6 m width) to 3 lane (15.6 m width), the average temperature at cross section 2 (120 m downstream of the fire) significantly decreased from 100°C to 50°C when the HRR and the velocity were 30 MW and 1.5 m/s respectively. In addition, it was observed that by changing the velocity from 1.5 m/s to 5 m/s, for 10 MW and 30 MW fire scenarios at cross section 2 (120 m downstream of the fire), the average temperature did not experience a drastic change except for the 30 MW fire in a two lane road tunnel as shown in Fig. 8a . All in all, the average temperature in the two lane tunnel was calculated higher compared to the average temperature in the three lane road tunnel a cross section 2. It is noteworthy that changes to the physical size of the fire (fire perimeter) did not affect the average temperature at cross section The inlet air velocity was determined as the only significant parameter on the average viscosity changes at cross section 2 as shown in Table 6 . This study indicates that the other parameter effects or parameter interactions effects on the average viscosity changes were inconsequential (e.g., the effect of HRR changes, tunnel dimension changes, the physical fire size changes), and their interaction on the average viscosity were inconsequential. According to Table 6 , the significant parameters on the average velocity changes 120 m downstream of the fire source, in order of significance, were the inlet air velocity and the HRR. Therefore, it was observed that the mean velocity at cross section 2 (120 m downstream of the fire) was changed dramatically, by changing the inlet air velocity and the HRR. Due to the dependency of density to the temperature, the significant parameters on average temperature and average density changes were observed the same (e.g., significant parameters were HRR and tunnel dimension) at cross section 2 (120 m downstream of the fire) as shown in Table 6 .
Effect of domain length on significant parameters determination
Due to complex dynamical fluid field close to the fire source, different parameters such as temperature, velocity, viscosity, and density close to the fire source could behave differently compare to the values far away from the fire source. Therefore, the significant parameters (e.g., tunnel dimension, physical fire size, HRR, and inlet air velocity) on the changes of the response variables could be different close to the fire source compare to the far away from the fire. Due to this, three different cross sections (cross section 1, cross section 3, and cross section 4) were selected to conduct a statistical analysis for determination of the significant parameters on different response variables at the selected cross sections downstream of the fire. Based on the calculated response variables at selected cross sections downstream of the fire (see Appendix A), the ANOVA test for linear models as shown in Appendix B were conducted and the significance of the models were assessed based on the p-values. The calculated p-values obtained from ANOVA for the linear models were less than 0.05 for all models which indicates that the models were significant as shown in Appendix B. Then, the significant parameters on the selected response variables were determined at different cross sections downstream of the fire as shown in Fig. 9 . The colors in Fig. 9 associated with the distance from the fire source.
Consistent with the data of Appendix B and Fig. 9a , it was observed that by getting further from the fire source, the significance of the tunnel dimension on the average temperature at the cross sections decreased from the cross section 1 to the cross section 4. The effect of tunnel dimension on the average temperature changes was insignificant 400 m downstream of the fire source (cross section 4). It is noteworthy that the inlet air velocity was the significant parameter on average temperature changes at cross section 1 (20 m downstream of the fire source) and the cross section 4 (400 m downstream of the fire source) as shown in Fig. 9a . However, it was an insignificant parameter on average temperature changes at the cross sections 2 and 3 (120 m and 220 m downstream of the fire source). The reason lies in the decreasing trend of the average temperature in the simulations with velocity greater than critical velocity (V ! V cr ) compare to the results of the scenarios with velocity less than critical velocity (V < V cr ) as shown in Fig. 10 . By getting further away from the fire source, the average temperature downstream of the fire source decreased faster in the scenarios that have the inlet air velocity less than critical velocity V < V cr (1.5 m/s) in comparison with the scenarios that have the inlet air velocity greater than equal to the critical velocity V ! V cr (5 m/s). According to Fig. 10 , the average temperature difference at the center of the fire source (X = 0) was consequential for the same two scenarios with different velocities (e.g., scenarios 1 vs 3, 2 vs 4, 5 vs 7, and 6 vs 8). However, when you get further from the fire source, the average temperature difference decreased until the average temperature was equal at a given cross section as shown in Fig. 10 (red points) . The average temperature difference between two scenarios with the same HRR and tunnel dimensions, but different inlet air velocities at that point (red points), was calculated as zero. Therefore, the effect of the inlet air velocity on the average temperature changes at that point was inconsequential. And after that, the average temperature difference again increased, so, the effect of the inlet air velocity on the average temperature increased. In addition, it was observed that the HRR was the only significant parameter on the changes of the temperature at all cross sections downstream of the fire source as shown in Fig. 9a .
Since the density is temperature dependent, the significant parameters on the average density changes at different cross sections downstream of the fire were the same as the significant parameters on the average temperature changes, as shown in Fig. 9b . Although the HRR had a significant influence on the average viscosity changes at the cross section 1 (20 m downstream of the fire), the effect of HRR on the changes of the average viscosity at the other cross sections (cross sections 2, 3, and 4) downstream of the fire was inconsequential as shown in Fig. 9c . Due to the high temperature close to the fire source in 30 MW scenarios compared to the scenarios with 10 MW fire, the HRR had a drastic impact on the average viscosity changes. At cross section 2 (120 m downstream of the fire source) and further downstream of the fire, the average viscosity was not changed significantly by changing the HRR from 10 MW to 30 MW as shown in Fig. 9c . The inlet air velocity was observed to be the only significant parameter effecting the average viscosity at all selected cross sections downstream of the fire. The reason lies in the upwind transport of the smoke (rollback) in the scenarios with the inlet air velocity less than critical velocity V < V cr (scenarios 3, 4, 5, and 8). Therefore, the average air viscosity downstream of the fire in these scenarios is lower compare to the scenarios with the inlet air velocity greater than equal to the critical velocity V ! V cr (5 m/s) (scenarios 1, 2, 6, and 7). The significant Fig. 10 . Effect of the inlet air velocity on the average temperature along the height of the tunnel at different cross sections in different scenarios at t = 900 s. parameters on the average velocity changes at all cross sections downstream of the fire were the inlet air velocity and the HRR as shown in Fig. 9d . Since the fixed flow was set at the tunnel inlet in all scenarios, the impact of tunnel cross section on the average velocity changes was insignificant. It is noteworthy that the physical size of the fire (fire perimeter) did not have the significant effect on the response variables at all cross sections downstream of the fire (from 20 m downstream of the fire to 400 m downstream of the fire).
Overall, by getting further away from the fire source, the domination of tunnel dimension on the changes of the average temperature and the average density downstream of the fire decreased. The changes of the tunnel dimension did not influence the average velocity and the average viscosity downstream of the fire (If the fixed flow were set at the inlet of the computational domain). The only two significant parameters on the changes of the average temperature, average density, and the average velocity 400 m downstream of the fire source, were HRR and the inlet velocity; and also the only significant parameter on the changes of the average viscosity, 400 m downstream of the fire was the inlet velocity. The fire perimeter was an insignificant parameter on the changes of the response variables at all cross sections downstream of the fire. It is noteworthy that the parameters interactive effects on the response variables (e.g., average temperature, the average density, the average velocity, and the average viscosity) at all cross sections downstream of the fire were also insignificant.
Conclusions
The significance of tunnel dimensions, inlet air velocity, heat release rate, and the physical fire size (fire perimeter) on the fluid characteristics downstream of the fire source were quantified using CFD simulations data from a test program that was conducted based on a statistical two-level design known as the fractional factorial design. Based on the prediction of the designed statistical models, the linear models were found to provide statistically good prediction. The effect of computational domain length on the selection of the significant parameters downstream of the fire source was analyzed. Based on the parametric evaluation, the key parameters effects and the parameters interactive effects on different response variables (e.g., average temperature, average density, average viscosity, and average velocity) at different cross section downstream of the fire were determined individually.
It is noteworthy that by getting further from the fire source, the number of significant parameters on the response variable changes downstream of the fire decreased. This study has shown that the changes of the physical size of the fire did not influence the average temperature, average velocity, average density, and average viscosity downstream of the fire source. In addition, it was observed that the interactive effect of the parameters was inconsequential on the changes of the average temperature, average density, average velocity, and the average viscosity downstream of the fire source. Therefore, these parameters don't have to be investigated in detail in any numerical analysis study on the aforementioned response variables for 10-30 MW fires in future tunnel fire studies. It is noteworthy that the HRR changes could change the average viscosity close to the fire source (20 m downstream of the fire). However, the effect of HRR on the average viscosity was inconsequential at 120 m downstream of the fire source and further. Due to effect of the velocity on the upstream transport of the smoke (e.g., scenarios with inlet air velocity less than critical velocity (V < V cr )), the only key parameter on the average viscosity changes at all cross sections of the tunnel downstream of the fire was the inlet air velocity. Since the density is temperature dependent, the significant parameters on the average temperature and significant parameters on the average density were the same at all cross sections downstream of the fire. The tunnel dimension was one of the key parameters on the changes of the average temperature and the average density through 20-220 m downstream of the fire source; the tunnel dimension effect on the average temperature and the average density was insignificant 400 m downstream of the fire. In addition, the HRR was the only parameter which had significant impact on the average temperature and the average density at all cross sections downstream of the fire. Although the inlet velocity influenced the average temperature and the average density drastically at 20 m and 400 m downstream of the fire source (e.g., cross sections 1 and 4), an inconsequential impact of the inlet velocity on the average temperature and the average density was observed at 120 m and 220 m downstream of the fire (e.g., cross sections 2 and 3). In addition, it was evident that the average velocity at all cross sections downstream of the fire was affected significantly by the changes of the inlet velocity and the HRR. Therefore, the significant parameters on the average velocity changes at all cross sections downstream of the fire were selected as the inlet air velocity and the HRR.
The proposed statistical analysis was demonstrated to be a useful technique for screening the significant parameters on the fluid characteristics downstream of the fire source. Robust emergency response layout design and fire safety plan require numerous simulations to support evaluating the safety of the underground environment. Understanding and screening the key parameters on the fluid characteristics downstream of the fire is required for decreasing the number of fire simulations for future studies and for improving the tunnel fire safety plan of the occupants. 
Appendix B
The probability of the significant parameters or significant associated interactions on various responses at 20 m, 220 m, and 400 m downstream of the fire source (e.g., cross sections 1, 3, and 4) are shown in Tables B1, B2 , and B3, respectively. 
